Aims Plant functional traits are assumed to be adaptive. As selection acts on individuals and not on traits, interpreting the adaptive value of a trait not may be straightforward. For example, productive leaves are associated with fertile environments. However, it is not clear if productive leaves confer an advantage in these habitats, or if they are an advantage as part of a suite of coordinated traits. † Methods Genotypes of Arabidopsis thaliana were grown in high and low nutrient treatments and low, neutral and high pH treatments. Nutrient availability is reduced in acidic or basic soils relative to neutral pH soils. pH treatments were used to alter the availability of resources rather than the amount of resources. † Key Results Leaf function (specific leaf area, SLA) and life history (size at reproduction, age at reproduction) were variable across genotypes and were plastic. High nutrient availability induced higher SLA and larger size at reproduction. Genotypes that reproduced at large size in high nutrient conditions at neutral pH had the greatest fruit production. SLA was only indirectly related to fruit production through a causal relationship with rosette size; in high nutrient conditions, plants with high SLA were large at reproduction and had higher fruit production. In high nutrient and high pH treatments, plants were large at reproduction, but large size at reproduction was associated with low fecundity. This suggests that large size is adaptive under high nutrient availability. † Conclusions Interpreting the adaptive value of functional traits will sometimes only be possible when these traits are considered as a suite of correlated and coordinated traits. Leaf functional traits may be important in defining adaptive strategies in A. thaliana but only through how they affect plant life history. Finally, manipulating soil pH can be a valuable tool in assessing adaptive plasticity on nutrient gradients.
INTRODUCTION
Functional traits are defined by their impact on fitness through their effects on plant growth, survival and reproduction (Violle et al., 2007) . The identification of plant functional traits has been an important advance in defining ecological strategies and understanding how plants adapt to environmental variability (e.g. Grime, 1977; Bonser and Aarssen, 1996; Westoby et al., 2002; Reich et al., 2003) . Suites of functional traits contributing to ecological strategies have been identified across species (e.g. Westoby et al., 2002) . However, ecological strategies evolve in response to selection within species, and the expression of functional traits should be correlated with fitness in a given environment if they are to be considered part of an adaptive strategy (Reich et al., 2003) . Although it is often assumed that functional traits have adaptive value, the link between function and fitness is not often tested (Ackerly and Monson, 2003 ; but see Geber and Griffen, 2003) .
Understanding the factors contributing to functional trait expression across environments is dependent on interpreting how these traits can evolve (Bonser, 2006) . The identification of leaf functional traits in plants is an example of a gap between documenting trait strategies across species and understanding how these strategies evolve within species. Leaf functional strategies are based on a series of correlations and trade-offs between functional traits. Specific leaf area (SLAleaf area per unit mass), rate of photosynthesis and leaf nitrogen are positively correlated, and these traits are negatively related to leaf life span (e.g. Reich et al., 1997; Wright et al., 2004) . These relationships are observed across species along an axis of highly productive short-lived leaves to unproductive long-lived leaves. Leaf functional traits could be important in defining plant strategies as they have been demonstrated to vary predictably across some environmental gradients. For example, SLA and leaf productivity tend to increase in habitats of increasing fertility (e.g. Cunningham et al., 1999; Wright et al., 2004; Hoffmann et al., 2005) . Presumably, the differential expression of leaf traits allows plants to maximize growth rate where resources are abundant but minimize loss of leaf tissue where resources are limited and plants have a reduced capacity to replace lost tissue (Turner, 1994; Brunt et al., 2006) . Selection to maximize nutrient retention and long leaf life spans in low nutrient environments should favour increased leaf toughness and lower SLA (e.g. Westoby et al., 2002; Read et al., 2009) .
Could other selection scenarios also produce the observed leaf trait strategies? Leaves function within individual plants and the adaptive value of leaf functional traits must be measured in terms of individual fitness (Bonser, 2006) . Fitness in plants is often related to size at reproduction (Wesselingh et al., 1997; Metcalf et al., 2003) . In rosetteforming semelparous species, rosette size at reproduction is highly correlated with plant fitness (Kuss et al., 2008; Bonser and Aarssen, 2009) . Large rosette size (area) could be achieved by extending the time for rosette growth (delaying reproduction) and/or by the rapid construction of inexpensive leaves. Under this scenario, the expression of SLA (and other correlated leaf functional traits) would evolve as a by-product of selection on life histories (i.e. the size at reproduction) rather than directly on leaf function. The evolution of leaf physiological traits has been demonstrated to be correlated to some plant traits such as leaf size (e.g. Geber and Dawson, 1990; Arntz and Delph, 2001 ). However, alternative hypotheses addressing how selection on correlated traits in integrated plant phenotypes can impact the evolution of leaf form function have rarely been addressed (Forster and Bonser, 2009) . Examining how functional traits contribute to fitness is important if we wish to understand variation in fitness within species and the diversity of ecological strategies observed across species within and between habitats.
In this study, we examined functional traits and fitness across soil fertility treatments in genotypes of the annual plant Arabidopsis thaliana. Two approaches were employed to test for the adaptive value of functional traits. First, we tested for correlations and causal relationships (through path analysis) between functional traits and fitness in different nutrient treatments. Second, we tested for adaptive plasticity in functional traits through using soil pH treatments. Adaptive plasticity is most effectively assessed through the framework of the adaptive plasticity hypothesis (Dudley and Schmitt, 1996; Schmitt et al., 1999) . Under this hypothesis, plasticity in a trait is adaptive if the expression of that trait confers high fitness in some environments but low fitness in other environments. Variability in pH provides an opportunity to test adaptive plasticity on nutrient gradients. High and low pH soils (relative to neutral pH soils) tend to limit the capacity for plants to acquire nutrients, but do not necessarily affect the abundance of nutrients (Foth, 1990; Brady and Weil, 2002; Mauseth, 2003; Vonlanthen et al., 2006) . Protons in the soil are required to free many nutrient cations from particles of soil or organic matter. In acidic soils (high proton concentration), nutrients may be freed faster than they can be used by plants and they are leached from the soil. In basic soils (low proton concentration), many nutrients may remain bound to soil particles but unavailable to plants (see Mauseth, 2003) . Thus, high or low pH soils may be perceived as fertile by the plant, and plants in these environments may produce an inappropriate phenotype. For example, plants may respond to high nutrient supply by producing a phenotype appropriate for a high nutrient environment, a maladapted phenotype for acidic or basic soils where nutrients are not readily available to plants. If a high nutrient phenotype (e.g. large size at reproduction, high SLA) yields high fitness where nutrients are available (neutral pH) but low fitness where nutrients are not readily available (low or high pH), then plasticity in size at reproduction and SLA is adaptive across a nutrient gradient. Alternatively, plants in these environments could produce a phenotype more suitable to a lower nutrient environment (an appropriate phenotype for that environment), demonstrating trait plasticity, but not providing evidence for adaptive plasticity.
We tested the following predictions.
(1) Functional traits will vary across nutrient treatments, and variability in functional traits will be associated with fecundity (a measure of fitness) within nutrient treatments. For example, we predict plants in the high nutrient treatment will have large rosettes and high SLA relative to plants within the low nutrient treatment. Furthermore, large size at reproduction and high SLA will be related to high fecundity in the high nutrient treatment.
(2) Plasticity in functional traits is adaptive. We test this prediction using pH treatments to induce plants to express an inappropriate phenotype in a nutrient treatment.
MATERIALS AND METHODS

Study species
We tested our predictions using inbred lines (genotypes) of the short-lived model plant species Arabidopsis thaliana, which develops as a basal rosette of leaves with flowering stems initiated from apical and axillary meristems of rosette leaves. Genotypes were obtained as seed from The Arabidopsis Information Resource (stable URL: http://www.arabidopsis. org). Eight target genotypes were used (cs1184, cs1284, cs1628, cs6011, cs6905, cs22548, cs22626, cs6041) and were selected as early flowering individual lines derived from natural populations. Two additional genotypes to be included in the experiment had very poor germination and were removed.
Experimental design
Seeds for each genotype were collected from single maternal individuals grown in high nutrient, neutral pH soil (see below). Seeds were placed on Petri dishes on moist filter paper and cold treated (4 8C) for 72 h. Petri dishes were then placed in the glasshouses of the University of New South Wales in full sunlight with temperature maintained at 20-25 8C to initiate germination. Seedlings were transplanted to pots at emergence of the cotyledons (approximately 10 d). Seven replicate pots of each genotype for each treatment combination (see below) were transplanted. Pots were 5 × 5 cm, 20 cm deep and filled with approximately 100 g of potting mix (a mixture of 50 % perlite and 50 % coconut fibre). Multiple seedlings were transplanted into each pot and thinned to one per pot 2 weeks after transplanting. During this establishment phase, all pots were watered with a dilute nutrient solution at neutral pH. The experiment was started 16 d after the seedlings were transplanted.
The experiment consisted of two nutrient treatments (high and low) and three pH treatments (low, neutral and high) in a full factorial design. The high nutrient treatment was established with a full-strength commercial hydroponic nutrient solution (Canna terra, Canna Corp., Toronto Canada). The low nutrient treatment was a 10 % dilution of this nutrient solution. The low pH treatment was established through the addition of phosphoric acid to the nutrient solutions, and the high pH treatment was established through the addition of potassium hydroxide (commercially available as 'pH-down ' and 'pH-up', Holland Forge, Victoria, Australia) . The neutral pH treatment was established by using tap water. This water was slightly alkaline; we neutralized the pH through the addition of pH-down (as above). The low pH treatment was maintained between pH 3 and 4, the neutral pH treatment was maintained between pH 6 and 7, and the high pH treatment was maintained between pH 8 and 9. We periodically checked the pH using a portable pH meter (Eutech Instruments, Singapore) from the nutrient solutions and the water runoff from the pots to ensure the desired treatment combinations were being maintained. The six different hydroponic solutions (three levels of pH × two levels of fertility) were made up weekly in individual 30-L reservoirs and plants were watered daily with the relevant solution. All pots were flushed with pure water fortnightly and then re-saturated with the relevant hydroponic solution to prevent build up of solutes in the potting mix. Due to the complicated nature of the nutritional regimes imposed, we grouped all plants that shared a common nutritional regime within a single block. We randomized the placement of the eight genotypes within each block and periodically (about once per week) randomly reorganized the experimental blocks on the glasshouse benches.
Arabidopsis thaliana has a distinct rosette juvenile phase during which most of the leaf material on the plant is produced. Unfortunately, the rosette senesces (and often decomposes) prior to the end of reproduction. In order to take measurements requiring destructive harvests of both vegetative and reproductive traits, we conducted two harvests: one at the age of first reproduction, and the other at final development, when fruit production had ceased. Thus, our experiment consisted of 672 individual plants (eight genotypes × two nutrient treatments × three pH treatments × two harvest dates × seven replicates per treatment combination and harvest date).
The following traits were measured at first harvest: rosette size (total leaf area), SLA (cm 2 g
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) and age at first flower (from the start of the experiment). Leaf area was measured by using image analysis software ( provided by the unit of comparative ecology, University of Sheffield). Leaves were then dried to constant biomass (70 8C for 3 -4 d) and weighed. SLA was taken as an average value of all leaves. At the second harvest, we counted the total fruit number produced on each plant. Fruit number is closely correlated to seed production (and fitness) in A. thaliana (e.g. Pigliucci and Schmitt, 1999; Callahan and Pigliucci, 2002) .
Data analysis
We performed a mixed-model multi-factor ANOVA to assess the effects of genotype, pH and nutrient availability on variability in fitness (fruit number), leaf function (SLA) and life-history traits (size and age at reproduction). The following factors were examined: genotype (G -random effect), pH (fixed effect), nutrient (N -fixed effect), G × pH (random effect), G × N (random effect), pH × N (fixed effect) and G × pH × N (random effect). Variables were logtransformed, where necessary, to meet the assumptions of statistical analysis. ANOVAs were conducted using Systat version 11 (Systat, Chicago, IL, USA). We used Pearson product moment correlations (JMP version 5, JMP, Cary, NC, USA) were used to assess significant (P , 0 . 05) pairwise correlations between traits. We used paired t-tests to test for differences in genotypic response in trait expression between neutral and low pH treatments and neutral and high pH treatments in both high and low nutrient addition treatments.
Path analysis
Finally, to examine how the relationships between leaf form and plant life histories influence fitness, we used a form of confirmatory path analysis known as d-sep tests (Shipley, 2000 (Shipley, , 2004 . For this analysis we compared a set of six a-priori path models ( Fig. 1 ) of different causal relationships between leaf form (SLA), plant life histories and fitness in both the low and high nutrient treatments. For simplicity, we examined these causal relationships only in the neutral pH treatment. The high and low pH treatments were included to induce inappropriate phenotypes, making any path model more difficult to interpret. Each candidate path model tests a biologically plausible prediction regarding how leaf form, age at reproduction and rosette size at reproduction interact to influence plant fitness in terms of the number of fruit produced. Each model included represents a possible path of relationships between traits, including the predicted paths that leaf form directly affects fruit production and the alternative path that leaf form affects fruit production only through its influence on size at reproduction. Error terms are omitted for simplicity.
To identify the path model that best fits the data in the two treatments of interest, we first obtained the predicted conditional independence constraints that must apply if the hypothesized causal relationships are true. For each candidate model we estimated the basis set (B U ), which is the list of pairs of variables in each model that are predicted to be probabilistically independent (not directly related by a causal pathway), conditional on any causal parents of the pair. We then tested each predicted independence claim against the data using Pearson's partial correlation coefficient. Following Shipley (2000) , for example, if traits X and Y were predicted to be independent conditional on a set of variables Q ¼ {A, B, C, . . . }, then we regressed X and Y separately on the variable set Q and estimated the correlation between the residuals. Lastly, we combined each separate test of conditional independence claim into a combined test for the overall fit of the entire model using Fisher's C statistic, C ¼ -2Sln( p i ), where the number k of null probabilities ( p i ) associated with the basis set follows a x 2 distribution with 2k degrees of freedom. A large value of C will indicate a significant difference between the observed and predicted patterns of conditional independence and is evidence against a particular candidate model. Finally, we estimated the path coefficients of the best-fitting models as the standardized regression coefficients of a least-squares regression. Regression models were conducted in JMP version 5.
RESULTS
Variation in functional and life-history traits across resource treatments
Functional, life-history and fitness traits were variable across the ANOVA main effects (Table 1) . Nutrient availability explained a highly significant portion of the variation in fruit number, SLA and rosette size at reproduction (these traits were plastic across nutrient treatments). Similarly, pH explained significant variation in fruit number, rosette size and age at reproduction (these traits were plastic across pH treatments). Genotype explained significant variation in all traits (Table 1) . We found significant genetic variation in plasticity across nutrient treatments (G × N) for SLA, and rosette size and age at reproduction. We also found significant genetic variation for plasticity in fruit number across pH gradients (G × pH), which was also nutrient dependent (G × N × pH) ( Table 1) .
High nutrient addition induced higher SLA and larger rosette size at the age of reproduction (Fig. 2) . Variation in SLA was not related to variation in fruit number in any of the nutrient -pH treatment combinations (Table 2, Fig. 2 ). Whereas SLA was higher in the high nutrient treatment, it was not related to fruit production across genotypes within the high nutrient treatment. Rosette size at reproduction was correlated with high fruit number in the high nutrient treatment at low and neutral pH, but not in the high pH treatment (Table 2, Fig. 2 ). Rosette size was not correlated with fitness in the low nutrient treatment (at any pH, Table 2 ). Similarly, age at reproduction was positively correlated with fruit number in the high nutrient treatment at low and neutral pH, but not in the high pH treatment, and not in the low nutrient treatment. Age at reproduction was positively correlated with size at reproduction in the high nutrient treatment at neutral and high pH (Table 2) .
Some mortality occurred in the experiment, mostly shortly after the beginning of the experiment when the plants were quite young. Mortality was random across genotypes and treatments. For unknown reasons, mortality was higher in the early harvest plants than in the late harvest plants.
Plasticity across pH treatments
Plants in the high and low pH treatments had significantly lower fruit number than plants in the neutral pH treatment (Table 1, Fig. 3 ). The significant G × pH interaction (and three-way interaction with nutrients) suggests that some genotypes have adapted to different pH environments. For example, in the high nutrient treatment, the genotype with the lowest fruit number in low and neutral pH treatments had the highest fruit production in the highest pH treatment (Fig. 3) . Rosette size also varied significantly across pH treatments. Rosettes were significantly larger at reproduction in the neutral and high pH treatments in the high nutrient treatment but not in the low nutrient treatment (Table 3) . Large size at reproduction was also associated with high fruit production in the high nutrient treatment at neutral pH. However, in the high nutrient treatment at high pH, genotypes had large rosettes but relatively low fitness (Table 3, Fig. 3) .
SLA was variable across pH treatments; however, these responses were specific to genotype and nutrient treatment. Similarly, age at reproduction varied across pH treatment (Table 1, Fig. 3 ). Plants reproduced earlier at low pH than at neutral pH in both the high and the low nutrient treatments. Age at reproduction was not significantly different between neutral and high pH treatments (Table 3 , Fig. 3 ).
Path analysis and causal relationships between leaf form, plant life histories and fitness
We evaluated six alternative path models describing the cause and effect relationships between SLA, age at reproduction, rosette size at reproduction and the number of fruit produced in two different nutrient environments at neutral pH (Table 4 ). In the low nutrient treatment we were unable to find any evidence against our six different path models, although both model E and model F appeared to be the best supported (lowest C values). In contrast, in the high nutrient treatment the data clearly supported only model D. All other models were either rejected by the data (models B, E and F) or had only weak support (models A and C). Examination of the best fitting model for the high nutrient treatment (Fig. 4) reveals that rosette size at reproduction significantly predicts the number of fruit produced (r 2 ¼ 0 . 778), with fitness increasing with the size of the plant at reproduction. Moreover, the path model reveals that both age at reproduction and SLA indirectly influence fitness through their impact on size at reproduction, as plants that took longer to flower and had greater SLA were larger at reproduction. In fact, over 90 % of the variation in size at reproduction was explained by the combined variation in age at reproduction and SLA (r 2 ¼ 0 . 937).
DISCUSSION
Variation in nutrient availability induced shifts in the expression of leaf function and life histories. All genotypes initiated reproduction at larger sizes in the high nutrient treatment than in the low nutrient treatment, and large size at reproduction was highly adaptive in the high nutrient treatment. Fecundity in annual or semelparous plants is frequently positively correlated with size at reproduction (Wesselingh et al., 1997; Metcalf et al., 2003) . This is generally attributed to the capacity for large plants to allocate more resources (e.g. Andrieu et al., 2007) and meristems (Geber, 1990; Bonser and Aarssen, 2003) to reproduction at final development. Environmental conditions limiting growth or inducing plant mortality (e.g. nutrient limitation) should favour the initiation of reproduction at small sizes. Delaying reproduction could result in reproductive failure if plants are killed before they reproduce or if environmental adversity prevents a plant from achieving the optimal size for reproduction (Bonser and Aarssen, 2009 ). Size at reproduction was variable across genotypes, particularly in the high nutrient treatment. Variation in size at reproduction in these favourable environments could be maintained by selection pressures from native environments such as disturbances, environmental variability (e.g. droughts in the growing season) or other factors limiting the potential length of the growing season -conditions not experienced in the current experiment. Alternatively, some genotypes may lack the capacity to grow quickly enough to reach an optimal size for reproduction within a growing season. In the low nutrient treatment, fruit number was not correlated with size or age at reproduction, i.e. neither the smallest nor the largest genotypes had the highest fruit production. Although initiating reproduction at smaller sizes may be an advantage in that it minimizes the chance of reproductive failure, reproducing at a small size is not itself an advantage. Genotypes that reproduced at small sizes but have limited resource acquisition or meristematic capacity to allocate to reproduction did not outperform (or were not outperformed by) plants that reproduced at large sizes but perhaps run out of time or resources to realize their reproductive potential. The results for age at reproduction are generally consistent with these predictions. The largest genotypes take more time to reproduce and the smaller genotypes take less time to reproduce in the low nutrient treatment than in the high nutrient treatment (Fig. 2) . Thus, in the low nutrient treatment, large genotypes are more likely to run out of time prior to realizing their reproductive potential (e.g. Bonser and Aarssen, 2009) . Developmental decisions to delay reproduction in order to reach a large size may not yield increased fitness when the time to complete reproduction is limited. There are costs and benefits associated with reproducing early and small versus late and large in low nutrient treatments that are not evident in high nutrient environments. Environmental variation could promote the coexistence of multiple life-history strategies within a habitat. The evolution of leaf function
Leaf functional variability was not directly related to variation in fruit production (fitness) in either nutrient environment. We believe that leaf functional traits may have an integrated role in plant adaptation. For example, large rosette size could be achieved more quickly though producing leaves with high SLA. We found strong evidence through a path analysis that large size at reproduction is achieved through both late age at reproduction and the rapid construction of relatively cheap leaves. This result suggests that the expression of leaf form and function is only an indirect emergent ecological strategy, at least under these experimental conditions in A. thaliana. The evolution of suites of leaf functional traits suggests that these traits define ecological strategies across species (Reich et al., 1997; Westoby et al., 2002; Wright et al., 2004) . Patterns of functional trait strategies observed across species must be due to evolutionary change within species, and withinspecies studies can reveal the conditions promoting the expression of functional traits observed across species.
Why was leaf form variable across genotypes despite the indirect fitness advantage gained by plants with relatively high SLA (at least in the high nutrient treatment)? An integrated view of the expression of leaf traits within the broader context of the individual can also provide a potential explanation for variation in leaf form. Although A. thaliana produces some small leaves on upright green stems after the initiation of reproduction, most leaf biomass throughout the lifetime of the plant is in the rosette. New rosette leaf production ceases at the initiation of reproduction -the terminal meristem is committed to reproduction and no new vegetative production in the rosette is possible (Bonser and Aarssen, 1996) . All rosette leaves had senesced at final development but did persist past the initiation of reproduction. Maintaining rosette leaves throughout the adult stage would be advantageous in terms of carbon acquisition and allocation to reproduction. Leaves with high SLA are associated with fast growth rates (e.g. Wright and Westoby, 2000) and fertile habitats (e.g. Poorter and De Jong, 1999) . However, in A. thaliana, the rosette leaves produced early in development are probably important photosynthetic organs throughout the plant's life (although the inflorescences can contribute significantly to total carbon gain; see Earley et al., 2009) . High carbon allocation to fruit production could be achieved by rapid photosynthesis in a large and highly productive but short-lived rosette. Alternatively, perhaps a second (but less successful in terms of fruit production in our experiment) strategy could exist in which photosynthesis occurs over an extended period in less productive yet long-lived rosette leaves. If SLA is negatively related to leaf life span within A. thaliana, then a range of potentially successful leaf strategies could coexist within a habitat. This hypothesis has yet to be tested.
Adaptive plasticity on a nutrient gradient
As soils become more acidic or basic (relative to neutral pH soils), nutrients generally become less available to the plants (Foth, 1990; Brady and Weil, 2002; Mauseth, 2003) . Proton concentration defines soil pH, and protons are also required to disrupt cation (mineral nutrients) attraction to the soil and promote their uptake in the roots (see Maseuth, 2003) . A high proton concentration in acidic soils (low pH) mobilizes mineral nutrients in the soil and these nutrients are quickly leached from the soil, reducing soil fertility (Brady and Weil, 2002; Maseuth, 2003; Singh and Agrawal, 2008; Berthrong et al., 2009) . Basic soils (high pH) are defined by low concentrations of soil protons. Basic soils can have high nutrient concentrations but the nutrients tend to be unavailable to the plant (Maseuth, 2003) . In moderately alkaline soils ( pH 8 -9), many macronutrients remain available to plants but the availability of phosphorous and many micronutrients (e.g. manganese, zinc and iron) are low enough to limit plant growth significantly (Brady and Weil, 2002) . In high nutrient and low pH treatments, rosette size was small, a phenotype consistent with a lower nutrient environment -an environment where the added soil resources were quickly lost and fertility was relatively low. In the high nutrient and high pH treatment, plants expressed rosette traits appropriate for a high nutrient environment despite having relatively low capacity to acquire some necessary nutrients. Mean fruit production for most genotypes was lower in the high pH treatment than in the neutral pH treatment (in both high and low nutrient treatments), suggesting that there is a fitness cost associated with producing a large rosette in an environment where some nutrients are not readily available. We interpret this as adaptive plasticity in rosette size on nutrient gradients; large rosette size at reproduction (where resources are available) yields high fitness, while the same phenotype yields relatively low fitness under limited nutrient availability. The adaptive plasticity hypothesis is a powerful tool in evaluating the adaptive value of plasticity in functional traits (Dudley and Schmitt, 1996; Pigliucci and Schmitt, 1999) . To our knowledge, this is the first study to manipulate soil pH to test for adaptive plasticity on nutrient gradients. More research is required to establish whether pH can be used as a tool to effectively assess adaptive plasticity in heterogeneous resource environments.
For example, our approach did not allow us to induce a high nutrient phenotype under low nutrient supply. This is not problematic for our study as small rosette size is not itself an adaptive trait in low nutrient treatments (see above). However, the results of this study are promising. This is an important advance because plant adaptation to fertility ( productivity) is central to plant strategy theories (e.g. Grime, 1977; Taylor et al., 1990; Bonser and Aarssen, 1996) , and our ability to assess adaptive plasticity on fertility gradients has been extremely limited.
Conclusions
Ecologists often assume that many aspects of function and life histories have adaptive value. This is probably a safe assumption as functional and life-history traits are commonly associated with resource acquisition, and strategies of growth and allocation within habitats and across environmental gradients. For example, the importance of leaf functional traits to the physiological ecology of plants has generated a great deal of interest in identifying leaf trait strategies (e.g. Westoby et al., 2002; Wright et al., 2004) . We demonstrate that the expression of leaf functional traits is related to nutrient availability. However, interpreting the adaptive value of these functional traits is sometimes only possible when these traits are considered as part of an integrated phenotype. Large size at reproduction is highly adaptive in high nutrient environments and is achieved through a combination of delayed reproduction and high SLA (a leaf functional trait). Thus, leaf function makes an important but indirect contribution to adaptive strategies of A. thaliana genotypes on nutrient gradients. Future research will focus on establishing a more comprehensive understanding of how a range of functional traits contribute to adaptive strategies across different environmental gradients, and in linking the evolution of adaptive strategies within species to the array of strategies observed across species. The notation (X, Y )|{A, B, . . . } indicates that variables X and Y are probabilistically independent, conditional on the combined set of variables {A, B, . . . }, with the symbol w indicating the null (empty) set. Variables include age at reproduction (1), leaf form (2), size at reproduction (3) and the number of fruit (4). Each conditional independence claim is based on the probability (P(r)) that the partial correlation coefficients (r) are zero. The overall model is tested with Fisher's C statistic, with significance indicating that the model is rejected by the data, and hence lower C values indicating stronger support for the model. 
